ABSTRACT Randomly and synchronously growing HeLa cells were tested for poly(ADP-ribose) by direct and indirect immunofluorescent antibody techniques. Fluorescence ofpoly(ADPribose) was seen only in the nuclei of intact cells when the direct immunofluorescent antibody technique was used but in both the nuclei and cytoplasm when the indirect immunofluorescent antibody technique was used; fluorescence in the cytoplasm was nonspecific. When It has been suggested that poly(ADP-ribose), a unique biopolymer synthesized from NAD' by a nuclear enzyme(s) (1), is related to DNA polymerase activity in nuclei (2, 3), DNA repair (4, 5), and some regulatory processes in gene expressions (2, 3). Chemical identification ofnaturally occurring poly(ADP-ribose) has been reported (6-9). In 1974, we obtained a specific antibody to poly(ADP-ribose) (10), and this prompted several groups to measure the in vivo content of poly(ADP-ribose) in different experimental systems (11) (12) (13) (14) . The presence of naturally occurring antibodies to poly(ADP-ribose) in patients who have systemic lupus erythematosus indicates that poly(ADPribose) is also present in humans (15, 16). As the poly(ADP-ribose) polymerase activity of HeLa cells has been studied extensively (11, 17), we chose these cells for studies on fluorescent antibody staining ofpoly(ADP-ribose). In this work, the following results were obtained by incubation of randomly or synchronously growing HeLa cells with the antibody: (i) poly(ADPribose) synthesis from endogenous NAD', even in acetonefixed cells, occurred during incubation with antibody; (ii) poly(ADP-ribose) synthesis was enhanced by pretreatment of the cells with DNase I, which causes a 4-to 6-fold stimulation of poly(ADP-ribose) polymerase in chromatin; (iii) poly(ADPribose) synthesis was inhibited by 3-aminobenzamide, a potent inhibitor of poly(ADP-ribose) polymerase; and (iv) the fluorescence of chromosomes of HeLa After incubation, the coverslips were rinsed four times with phosphate-buffered saline (10 mM phosphate/0. 14 M NaCl, pH 7.4) and once with distilled water and dried in air. They were subjected to fluorescent antibody staining as described below. Antisera and Fluorescent Antibody. Antisera against poly(ADP-ribose) were raised in rabbits as described (10). Antisera were absorbed with methylated bovine serum albumin, which was used as a carrier for antibody production. Crude gamma globulin was obtained from antisera diluted twice with phosphate-buffered saline by two precipitations with 50% saturated ammonium sulfate. It was dialyzed against 2.7 mM Tris/ 1 mM phosphate buffer (pH 7.8) and then applied to a column of DE52 (Whatman) that had been equilibrated with the same buffer. On stepwise elution with 80 mM Tris/30 mM phosphate buffer (pH 8.0), two bands of IgG were obtained. Both had strong poly(ADP-ribose) binding activity, but the one that eluted first, designated as IgGlIa, had greater antigen-binding activity than the one that eluted second, designated as IgGlIb.
It has been suggested that poly(ADP-ribose), a unique biopolymer synthesized from NAD' by a nuclear enzyme(s) (1) , is related to DNA polymerase activity in nuclei (2, 3) , DNA repair (4, 5) , and some regulatory processes in gene expressions (2, 3) . Chemical identification ofnaturally occurring poly(ADP-ribose) has been reported (6) (7) (8) (9) . In 1974, we obtained a specific antibody to poly(ADP-ribose) (10) , and this prompted several groups to measure the in vivo content of poly(ADP-ribose) in different experimental systems (11) (12) (13) (14) . The presence of naturally occurring antibodies to poly(ADP-ribose) in patients who have systemic lupus erythematosus indicates that poly(ADPribose) is also present in humans (15, 16) . As the poly(ADP-ribose) polymerase activity of HeLa cells has been studied extensively (11, 17) , we chose these cells for studies on fluorescent antibody staining ofpoly(ADP-ribose). In this work, the following results were obtained by incubation of randomly or synchronously growing HeLa cells with the antibody: (i) poly(ADPribose) synthesis from endogenous NAD', even in acetonefixed cells, occurred during incubation with antibody; (ii) poly(ADP-ribose) synthesis was enhanced by pretreatment of the cells with DNase I, which causes a 4-to 6-fold stimulation of poly(ADP-ribose) polymerase in chromatin; (iii) poly(ADPribose) synthesis was inhibited by 3-aminobenzamide, a potent inhibitor of poly(ADP-ribose) polymerase; and (iv) the fluorescence of chromosomes of HeLa cells in the M phase was decreased, but not eliminated, by 3- After incubation, the coverslips were rinsed four times with phosphate-buffered saline (10 mM phosphate/0. 14 M NaCl, pH 7.4) and once with distilled water and dried in air. They were subjected to fluorescent antibody staining as described below. Antisera and Fluorescent Antibody. Antisera against poly(ADP-ribose) were raised in rabbits as described (10) . Antisera were absorbed with methylated bovine serum albumin, which was used as a carrier for antibody production. Crude gamma globulin was obtained from antisera diluted twice with phosphate-buffered saline by two precipitations with 50% saturated ammonium sulfate. It was dialyzed against 2.7 mM Tris/ 1 mM phosphate buffer (pH 7.8) and then applied to a column of DE52 (Whatman) that had been equilibrated with the same buffer. On stepwise elution with 80 mM Tris/30 mM phosphate buffer (pH 8.0), two bands of IgG were obtained. Both had strong poly(ADP-ribose) binding activity, but the one that eluted first, designated as IgGlIa, had greater antigen-binding activity than the one that eluted second, designated as IgGlIb. The specificity of the antibody has been described (10, 18, 19) . IgG1Ia was labeled with fluorescein isothiocyanate (Baltimore Biological Laboratory, Cockeysville, MD) by the method of Kawamura (20) to a dye/antibody ratio of 1.4. Nonspecific fluorescence was eliminated by absorbing the labeled antibody with acetone powder of liver, as described in detail by Kawamura (20) .
Fluorescent Antibody Staining of Cells. Cells grown on coverslips were fixed in cold acetone (-10°C). For direct im-
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (Fig. 1A) . The fluorescence pattern appeared homogeneous, but the fluorescence was very weak. After treatment of the cells with DNase I, as described in Materials and Methods, the fluorescence ofthe nuclei was markedly increased, but the pattern of fluorescence was still homogeneous, although there were a few unstained spots (see Fig. IB ). This increase in fluorescence on treatment with DNase I was probably due to structural changes in the chromatin that rendered it accessible to antibody or to new synthesis of poly(ADP-ribose) as a result of the effect ofDNase I on poly(ADP-ribose) polymerase activity. It has been reported that poly(ADP-ribose) polymerase is stimulated 4-to 6-fold by the addition of DNase I in a complete reaction system (21); thus, it is suggested that this mechanism is related to DNA repair (21) . The results of treatment of cells with DNase I plus 3-aminobenzamide, a strong inhibitor of poly(ADP-ribose) polymerase (5), supported the possibility that poly(ADP-ribose) is newly synthesized in the nuclei ofacetone-fixed cells, because the increase in fluorescence, as seen in Fig. lB, was completely prevented by the treatment, as shown in Fig. 1C . Furthermore, increase in the fluorescence ofcells incubated with exogenously added NAD' (data not shown) also supported this possibility. This finding raised doubt as to whether the weak fluorescence observed in the nuclei of untreated cells, as shown in Fig. LA , was really due to poly(ADP-ribose) present in situ before the cells were incubated with fluorescent antibody.
On careful observation of randomly growing cells treated with 3-aminobenzamide alone, we found significant fluorescence only in chromosomes in the M phase (data not shown). This finding prompted us to examine M phase-rich cells obtained by synchronization of HeLa cells as described in Materials and Methods. Fig. 2A shows the fluorescence in the chromosomes of synchronously growing M-phase HeLa cells not treated with either DNase I or 3-aminobenzamide. The chromosomes stained strongly; in contrast, the nucleoplasm ofthese cells stained weakly and diffusely. On treatment with DNase I, the fluorescence of chromosomes in M phase seemed to be unchanged. Those nuclei in the G2 phase were strongly stained and showed a granular pattern (Fig. 2B) ; this fluorescence was abolished by treatment ofthe cells with 3-aminobenzamide plus DNase I, whereas the fluorescence in the chromosomes in M phase was decreased but not eliminated by such treatment (Fig.  2C) . Concomitant addition of ADP-ribose, an inhibitor of poly(ADP-ribose) glycohydrolase (1), did not affect the fluorescence staining (data not shown). These results obtained by the direct immunofluorescent staining technique suggest that fluorescence in chromosomes in M phase is partly due to preexisting poly(ADP-ribose). It is possible that 3-aminobenzamide does not penetrate freely into the chromosomes, but this is unlikely because a similar staining pattern of chromosomes in M phase was observed on treatment with 3-aminobenzamide in the absence of DNase I, a condition that may render the chromosomes less accessible to 3-aminobenzamide (data not shown). It has been shown that synchronization of HeLa cells by hydroxyurea has little effect on poly(ADP-ribose) polymerase activity during the cell cycles (17) . We therefore conclude that the fluorescence in nuclei of cultures of randomly growing non-Mphase HeLa cells (see Fig. 1A ) was due to poly(ADP-ribose) synthesized from "endogenous NAD+" during incubation ofthe cells with antibody.
Indirect Immunofluorescent Staining of HeLa Cells. Randomly growing HeLa cells stained by the indirect immunofluorescent antibody technique using anti-rabbit goat immunoglobulins showed intense fluorescence in the nuclei and also faint, but significant, fluorescence in the cytoplasm (Fig. 3A) . Even after treatment ofthe cells with phosphodiesterase, which cleaves poly(ADP-ribose) (1), some fluorescence remained in the cytoplasm (see Fig. 3B ). Moreover, control -serum also stained the cytoplasm weakly (data not shown); therefore, the cytoplasm staining by the indirect immunofluorescent technique was nonspecific. When 3-aminobenzamide was added during incubation with primary and fluorescent antibody, the fluorescence in the nuclei shown in Fig. 3A diminished, whereas the fluorescence in chromosomes-in the M phase remained ( Fig. 3 C and D) . Antibody absorbed with poly(ADPribose) did not stain the nuclei and the staining pattern of the cells was similar to that of cells treated with phosphodiesterase (Fig. 3B) . Ikai et al., using "indirect immunofluorescent staining," observed fluorescence of poly(ADP-ribose) in the nuclei ofvarious rat tissues before and after preincubation with NAD+. However, it was not clear whether the fluorescence in the nuclei observed before preincubation with NAD+ was really due to preexisting poly(ADP-ribose) (22) . Furthermore, Ikai et al., using indirect immunofluorescent staining reported that, although scarcely any fluorescence was noted in ethanol-fixed lymphocytes in the absence of NAD+, poly(ADP-ribose) could be detected when the cells were incubated in the presence of NAD+ (22, 23) . With the direct immunofluorescent antibody technique used here, however, we clearly have observed fluorescence of poly(ADP-ribose) in ethanol-fixed normal human lymphocytes in the absence of NAD+. This fluorescence was not lost when the cells were incubated with 3-aminobenzamide (unpublished data).
It has been reported that the content of poly(ADP-ribose), measured by radioimmunoassay, increases at the S-G2 transition point in synchronously growing HeLa cells (11) and that this increase closely coincides with an increase in poly(ADPribose) polymerase activity in isolated nuclei (11) . Tanuma et al. reported that the poly(ADP-ribose) polymerase activity of disrupted nuclei of HeLa cells is high at the S-G2 transition point, but that the poly(ADP-ribose) polymerase activity of intact nuclei rendered permeable to NAD+ is highest in M phase (17) . The present experiments using direct immunofluorescent staining support the latter view of the change in poly(ADP-ribose) polymerase activity. In fact, it was noted that the fluorescence intensity in the nuclei of synchronously growing HeLa cells not treated with either 3-aminobenzamide or DNase I was highest at the G-M transition point (unpublished data). Stone et al. suggested that under certain conditions poly(ADPribose) acts as a crosslink between two histone H1 molecules to synthesize histone H1 dimer-poly(ADP-ribose) complexes and that poly(ADP-ribose) may thus be related to chromatin condensation by way ofhistone H1 bridging (24) . Therefore, the in situ demonstration of poly(ADP-ribose) noted in nuclei in M phase ( 
